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Abstract
Several sediments from the flank of the Mid-Atlantic
Ridge were analyzed for trace elements by neutron activation
analysis.
It was found that high concentrations of iron, cobalt,
manganese and strontium are associated as coatings on the
37-73p size fraction of foraminiferal calcite. 'The metals
appear to be derived from the decomposition of clay minerals
associated with the carbonate. Strontium appears to be a
contaminant introduced by partial solution of a non-carbonate
mineral.
Rare earth analysis indicated that an established rare
earth distribution is stable during the conversion of pala-
gonite to greenstone and during the conversion of iron-rich
chlorite to magnesium-rich chlorite. The fine chlorite in
the sediment appears to be local in origin while the mont-
morillonite appears continental.
Amorphous sediments from the immediate vicinity appear
to be a product of a local ash flow. They were all enriched
in rare earths compared to local basalts. This enrichment
is probably due to an enrichment of rare earths in the
parent magma compared to basalts but may in part represent
the result of selective complexation of rare earths by
anions in sea water.
Thesis Supervisor: Frederick A. Frey
Title: Assistant Professor of Geochemistry
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CHAPTER 1
TRACE ELEMENTS ASSOCIATED WITH MARINE FORAMINIFERA
INTRODUCTION
This research examines variations in concentration
of iron, manganese, cobalt and strontium in foraminiferal
calcite particles of different sizes, all separated from
a single bulk sediment. It further examines iron, manganese,
cobalt, antimony and rare earths in clays and metal hydrates
associated with the calcite. The object is to investigate
the geochemistry of these elements in calcite and clays
and their migration in interstitial water.
Variations of trace metal concentrations in marine
systems are important as indicators of paleoenvironmental
conditions and diagenesis. With the recent interest in
trace elements as indicators of paleoenvironments (El Wakeel
and Riley, 1961; El Wakeel, 1964; Nicholls, 1967; Thompson,
1968) it is important to learn more about the geochemical
behavior of trace elements.
The sediments studied were collected on the WHOI Chain
cruise #44. The bulk sediment is a surface dredge sample
obtained from the flank of the median valley of the Mid-
Atlantic Ridge at 220 38.01'N 450 0.7'W to 44058.8'W at a
depth of 2400-3400 meters (Fig. 1). The sediment is cata-
logued as CH44 Dredge 3 and has been described in detail
by Siever and Kastner (1967).
About 25% of the sediment consists of the low magnesium
calcitic foraminifera Globigerina. The magnesium content
of the Globigerina (<1%) is typical of those found by
Blackman and Todd (1959). Chlorite and greenstone fragments
comprise about 40% of the sediment. The remainder consists
of volcanic glass, illite, montmorillonite, albite, amphi-
bole, quartz, kaolinite and a well crystallized orange-
yellow nontronite. Calcite was the only carbonate phase
detected in the Dredge 3 sample.
In size fractions greater than 73 microns the calcite
consists largely of whole mature organisms. From 37-73
microns broken fragments and whole immature organisms are
abundant. The <37 micron calcite fraction consists almost
entirely of fragments.
In addition to the colorless foraminifera in the sedi-
ment about 1% of the foraminifera in the 37-500 micron
range have one or more pink lobes. These have been tenta-
tively identified as Globigerinoides ruber (Parker,1962;
Cordey, 1967).
The trace element content of a bulk sample of this
sediment is very similar to trace element analyses of bulk
samples reported in the literature (See Fig. 2 and Table
1). Essentially all the trace elements can be accounted
for in the noncarbonate phase. The bulk rare earth dis-
tribution relative to chondrites is typical of oceanic
sediments (Fig. 2, Haskin et. al., 1968). However, the
distribution by size fraction shows a marked asymmetry.
This is discussed in detail by Copeland (in preparation).
A second sediment designated CH44 Dredge 5 was sized
and analyzed similar to Dredge 3. This sample was dredged
about 30 miles northwest of the CH44 Dredge 3 sediment.
It consists almost entirely of calcitic foraminifera with
insoluble material comprising about 10% of the sample.
ANALYTICAL PROCEDURE
To analyze for trace elements associated with calcite
it was necessary to separate the calcite from associated
material such as clays, rock fragments, interstitial water
and other noncarbonate materials.
The bulk sediment was separated into various size
fractions by a combination of sieving and centrifuging.
Each size fraction was ground to less than 5p under dis-
tilled deionized water in an agate mortar. Each size
fraction was then thoroughly washed with distilled deion-
ized water and equilibrated ultrasonically for five minutes
at room temperature with saturated ammonium carbonate solu-
tion at pH 9. This washing and equilibration with ammonium
carbonate solution was repeated two more times. The dura-
tion of ultrasonic treatment was kept as short as possible
to minimize degradation of clay material. The material
was then rewashed with distilled deionized water and equili-
brated 12 hours at room temperature with a saturated solu-
tion of Matthey "Spec Pure" ammonium chloride (Lot #39651)
at a pH of 4.2.
The ammonium carbonate desorbs ions from all materials
present, especially clays, and saturates the exchange sites
with ammonium ion. The ammonium chloride acts as a weakly
buffered system. Sufficient excess sediment was present
so that only about 5% of the calcite was dissolved. It
was experimentally verified that three equilibrations with
ammonium carbonate was sufficient to saturate the exchange
sites on the clays, so no further exchange occurs between
the ammonium chloride solution and the insoluble materials.
The ammonium chloride solution containing all soluble
material from the pretreated sediment was evaporated to
dryness. This material was then analyzed for iron, man-
ganese, cobalt, antimony, strontium and sodium by instru-
mental neutron activation analysis. Rare earth elements
were sought but were below detection limits by this method.
Calcium was determined by atomic absorbtion. All calcium
was assumed to be due to calcium carbonate. Calcium from
clays was exchanged with ammonium ion, and calcium from
other sources does not appear to be soluble in ammonium
chloride. This does not preclude, however, the possibility
of exchange of ammonium ion for calcium in some of the non-
clay minerals.
Ammonium chloride was used to dissolve calcite rather
than acetic acid because initial work showed the presence
of a material coexisting with the calcite in the less than
10 micron range that was soluble in acetic acid. This
material is not composed of exchangeable ions desorbed
from clay minerals but is rather a separate metal hydrate
phase of high iron content. It is apparently the same as
the "iron aquate" of Goldberg and Arrhenius (1958) and
Chester and Hughes (1967).
To varify that the soluble material was not exchange-
able ions a mixture of carbonate-free marine clays were
equilibrated with solutions containing radioactive sodium,
iron, bromine, cerium and praseodymium. After exchange
equilibria were established with the clays, these isotopes
were desorbed using saturated ammonium carbonate. Subsequent
treatment with 25% v/v acetic acid failed to exchange any
further radioactive material into solution. The nature
of this metal hydrate phase and its bearing on the carbon-
ate geochemistry is discussed in a later section.
The use of acetate buffer systems at pH values of 5
or 6 was impractical because of interference in the analy-
tical scheme by alkali metal acetates. Sodium, potassium
and lithium in high concentrations interfere with calcite
and clay analysis by neutron activation. Ammonium acetate,
which does not interfere in neutron activation analyses,
was commercially unavailable in sufficient purity for trace
element analysis.
NEUTRON ACTIVATION PROCEDURES
The samples were irradiated twice in the M.I.T. nuclear
reactor (flux = 2.2xl0 13 neutrons per cm2 per second). The
first irradiation was for five minutes. After a four hour
cooling period the samples were counted for thirty minutes
on a twenty-six c.c. Ge(Li) detector using a 4096 channel
1 ~1 ~1_11__~
Packard analyzer. Data was printed out on paper tape and
peaks were integrated manually. Counting procedure and
identification of peaks followed those methods outlined in
Gordon et al., (1968) and Dams and Adams (1968).
The samples were then irradiated again for twelve
hours and allowed to cool five days before being counted.
Each sample was recounted after two and six weeks.
Standards were run with each set of samples. A plastic
holder was used to reproduce exact counting geometry as
closely as possible.
A series of 10 counts using five different preparations
of the same standard gave a reproducibility of ±5%. This
indicates the standards themselves and geomentry configura-
tions at distances of at least two centimeters from the
detector face can be reproduced to ±5%. These experiments
were done with total counts in excess of 10,000 so that
errors in counting statistics are less than 1% (Friedlander,
Kennedy and Miller, 1966).
Concurrent analysis of G-1 and W-1 gave results (Table
2) in the range found by other workers as reported by Gordon
et al., (1968).
ADDITIONAL EXPERIMENTS TESTING ANALYTICAL PROCEDURE
Extensive thought was given to the possibility that
trace metals attributed to CH44 Dr3 calcite might be due
to the addition of trace metals into the ammonium chloride
*-~- -~IIS*-L~~I--
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from some source other than calcite.
Several blank runs using Matthey "Specpure" calcium
carbonate (lot #56569) indicated that no iron, manganese,
cobalt, antimony or strontium was introduced into the
sample during the analytical procedure. Sodium, however,
was introduced in significant but erratic amounts. Con-
tamination reached amounts equal to some of the observed
sample values. For this reason sodium values obtained
for the samples are highly suspect and are not reported.
To lessen the possibility of a reported value being
fortuitous, two size fractions (CH44 Dr3, 37-73p; CH44 Dr5,
125-250p) were run in duplicate. Tables 3 and 4 show these
values below the original values.
X-ray diffraction and chemical analysis indicated that
well crystallized clays of all types were apparently un-
affected by either ammonium carbonate or ammonium chloride
(except for exchangeable ions). Both ammonium carbonate
and ammonium chloride did affect poorly crystallized
montmorillonite. X-ray diffraction studies before and after
treatment showed a sharpening of the major montmorillonite
peaks which may be due to the formation of an ammonium
montmorillonite. However, in clays pretreated with ammonium
carbonate, no further change was apparent when followed by
treatment with ammonium chloride. Trace elements from the
recrystallization of poorly crystallized clays go into the
ammonium carbonate solution. Thus, there is no contamination
of the ammonium chloride by the poorly crystallized material.
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It is possible that some phase is present only in the
10-100p size range which is soluble at pH 4.2. Such a coarse
phase was not observed during microscopic examination of
this size range.
X-ray diffraction patterns of 2 50-50 0p, 37 -73p and 1-10p
fractions before and after reaction with 10% v/v acetic
acid were examined. All fractions contained albite, quartz,
amphibole, epidote (?) and palagonite in addition to calcite,
coarse chlorite and nontronite. Quartz is a significant
minor phase in the greater than 10p sizes although Siever
and Kastner (1967) do not report it. They do report the
existence of significant phillipsite but this mineral was
not observed by x-ray diffraction. Specifically, the 130,
131 reflection at d=4.12A was sought but not found. Quartz
and chlorites are more abundant in smaller size fractions
but all minerals mentioned are present in all the size
fractions.
No changes in the intensities of the albite, amphibole,
epidote (?), quartz and chlorite peaks were noted after
reaction with acetic acid indicating no apparent decomposi-
tion of these minerals. This experiment does not rule
out the possibility of exchange reactions of these minerals
with the solution. However, Chesterand Hughes (1967) in
direct experiments found albite, amphibole and quartz to be
unaffected by 25% v/v acetic acid.
A sample of palagonite was handpicked, irradiated and
equilibrated with ammonium chloride. No activity was ap-
parent in the liquid indicating no solution or exchange of
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the palagonite with the ammonium chloride.
Several minor peaks which may possibly be attributable
to phosphates were also present. They were of similar in-
tensity in all size ranges and were apparently unaffected
by 10% v/v acetic acid. A sample of CH44 Dr5 250-500p was
also x-rayed. Since the ammonium chloride, which reacted
with this sample, was low in trace metals, minerals present
in this sample would not be expected to contaminate the
solution if they were present in Dr3. Chlorite, amphibole,
albite and quartz were all present as well as the uncertain
peak attributed to phosphate.
It appears from this study that none of the afore-
mentioned minerals are soluble in acetic acid. Since I
believe the solubility of these minerals to be largely pH
dependent they should not be soluble in ammonium chloride
either.
SDuplicate analyses were run on 37-73p calcite, which
was separated from all magnetic material in a Franz separa-
tor. Acetic acid and ammonium chloride were both used to
check for bias possibly introduced by the ammonium chloride
procedure. The results are shown in Table 3 and indicate
no bias.
Two standard carbonate rocks, lb and 402, were also
analyzed. The whole rock was analyzed. In addition, the
portion soluble in .2N hydrochloric acid and the portion
soluble in saturated ammonium chloride were run. Results
are shown in Table 2 and indicate that only the bulk com-
position resembles published analyses. The soluble frac-
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tion is quite clearly pH dependent. Most of the strontium
and manganese are soluble while iron is not. Most of the
strontium appears associated with the carbonate, as would
be expected. It is interesting that so much manganese also
is in a soluble form. This resembles manganese in the
Dredge 3 calcites.
RESULTS AND DISCUSSION OF IRON, MANGANESE AND COBALT
Figure 3 and Table 5 show the concentration of "excess"
iron, manganese and cobalt respectively as a function of
particle size in the Dredge 3 calcite. "Excess" is defined
to be the amount exceeding the values measured for the
37-7 3p calcite which was separated in a Franz separator.
A broad maximum occurs for each element in the 37-73p
range with a subsequent decrease for iron and cobalt on
both sides. Manganese does not show a decrease in the clay
range (1-10p) which is probably due to some manganese con-
tribution from the clay.
Recent work by Thompson (unpublished) has indicated
that if all the calcite of the CH44 Dr3 size fractions is
dissolved by a combination of ammonium chloride and acetic
acid, then definite evidence for changes in trace element
content with size is lacking.
An experiment was performed in which a small aliquot
of 10% v/v acetic acid was reacted with the bulk 37-73p
sediment. This volume of acetic acid was completely
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neutralized after a very few seconds, dissolving about 70%
of the calcite in the process. The sediment was washed
and retreated with sufficient acetic acid to dissolve all
the remaining calcite. Fifteen minutes was alloted for
equilibrium to be reached. Samples of both acetic acid
aliquots were analyzed. The results are given in Table 3.
Manganese and cobalt are significantly lower in the first
acetic acid while iron is (within the limits of error)
the same. Some of the iron seems to be uniformly contained
within the calcite while almost all the manganese and
cobalt are bound as a slightly more acid resistant coating
on the surface of some calcite grains. Apparently when
the first acetic acid is added it is neutralized by un-
coated calcite before very much manganese and cobalt
coating can be dissolved. When the second acetic acid
is added the pH remains acidic long enough to dissolve
the coatings and the remaining calcite.
Investigation into the rate at which ammonium chloride
reacted with calcite showed that 5-10 hours was necessary
before equilibrium was reached. This means that solution
is continuing for several hours and that most or all of
the coatings could be dissolved.
If most of the coatings and only 5% of the calcite
are dissolved, changes in the amount of coating are easily
visible. If, however, all the calcite were dissolved, the
addition due to the coating would be 20 times less and
very difficult to determine (see Table 5).
I _;__YIII1I_____YI__ ~..
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If one accepts the hypothesis that the soluble iron,
manganese and cobalt are truly connected with the calcite
and do not reflect partial solution or exchange with
another phase, then some interesting speculations can be
made.
All of the calcium carbonate appears to be foramini-
feral in origin. All of the CH44 Dredge 3 calcium carbonate
is calcite. Analysis of argonitic oolites from the Bahama
Banks (Table 4), which are believed to be chemical pre-
cipitates (Newell and Rigby, 1957; Kinsman, 1969), showed
strontium values significantly higher than the less than
20p Dredge 3 calcites, the size range where precipitates
might be expected. Manganese and cobalt values are some-
what higher than the values for the magnetically separated
calcite (which might represent the "true" values) but the
differences are probably due to local differences in sea
water composition and are not significant. In addition,
there are no changes in x-ray diffraction peak positions
of the different size fractions of calcite, indicating no
change in magnesium concentrations.
The existence of high concentrations of iron, manganese
and cobalt associated with the calcite may be explained by
post depositional reactions. Post depositional trace ele-
ment reaction directly associated with carbonate has been
observed (Emiliani, 1955; El Wakeel and Riley, 1961). This
reaction may be represented as a surface coating on the shell
fragments with perhaps some isostructural replacement of
calcium throughout the entire test. Emiliani noted heavy
_
exterior staining on some shells having very high manganese
values (up to 3% MnO). He also notes, however, that some
foraminifera having moderate to high manganese did not show
visible discoloration. A source for the trace elements
associated with the carbonate needs to be found.
Bostrom et al. (1966; 1969a, b) have suggested that a
large portion of the mobile trace metals associated with
the sediments of active ridges have originated as volcanic
emanations. This work was centered on the East Pacific
Rise and involved looking at several transition and two
volatile trace metals, mercury and arsenic. They found much
higher concentrations on the axis than on the flanks of
the Rise.
Antimony is another volatile element often associated
with volcanic activity. If the sediments of the Mid-Atlantic
Ridge axis were enriched by volcanic emanations they should
show high antimony values. The antimony values measured
are shown in Table 1. These are well within the .36-7.03ppm
range obtained by Tanner and Ehmann (1967) for sediments of
the Argentine Basin and Mid-Pacific, well off the axis crests.
In addition, the calcite from CH44 Dredge 5 was analyzed
for iron, manganese and cobalt. This sample was collected
very near Dredge 3 and should have experienced similar
effects from volcanic emanations. If the trace elements
associated with the calcite are related to volcanic activity,
the concentrations of trace metals associated with the Dredge
5 calcite should be similar to Dredge 3. Actually, they
are much lower (Table 4).
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It seems equally likely that the trace elements associ-
ated with the carbonate may originate from clay minerals
within the sediment.
CH44 Dredge 5 is very low in clays and if the trace
elements are derived from clays, the iron, manganese and
cobalt values of the carbonate should be much lower. The
iron values are slightly lower than the Dredge 3 samples
while manganese and cobalt are much lower. This strengthens
the argument that the majority of the material associated
with the CH44 Dredge 3 calcite is derived from the associated
clay. It is interesting to note the wide range of values
reported for Globigerina by other workers (Table 3). This
suggests the environment (ie. coexisting minerals) from
which the foraminifera was collected may be the dominant
factor in the trace element content.
Four chlorites, which are believed to be members of
a weathering sequence (Fig. 4), are found in CH44 Dr 3.
Table 1 shows the trace element composition of the CH44
Dredge 3 chlorites. Table 6 is a mass balance sheet of the
species found in the CH44 Dredge 3 sediment. About 30% of
the Dredge 3 sediment consists of iron rich green chlorite
and greenstones. Another 10% is a pale green (brown), higher
magnesium, chlorite which is believed to be an alteration
product of the iron rich variety (Siever and Kastner, 1967).
Microscopic examination of the chlorite assemblage revealed
alteration rims of magnesium-rich chlorite surrounding the
iron rich variety, confirming Siever and Kastner's hypothesis.
This higher magnesium chlorite appears to lose still more
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iron as it is degraded into clay size particles (Table 1).
The reported iron value of the magnesium rich chlorite is
a maximum possible value. The true value is probably some-
what lower. The presence of reaction rims indicates that
many of the magnesium rich chlorite fragments analyzed may
have had unaltered cores of iron rich chlorite. Thus the
equilibrium iron value of the magnesium rich chlorite may
be significantly below the reported value. Magnesium data
were not obtained, but x-ray diffraction patterns of the
magnesium rich chlorite showed a shift in peak positions
compatible with the addition of magnesium. No color dif-
ferences were observed between the clay-sized chlorite and
the intermediate stage. There is no evidence that this
intermediate pale green stage is truly a metastable inter-
mediary in the degradation of chlorite although the existence
of a similar metastable intermediate has been observed in
the decomposition of synthetic micas (Wones and Eugster, 1965).
At least two mechanisms exist by which iron rich chlorite
can be converted to magnesium rich chlorite. Iron may ex-
change for magnesium in sea water until an iron/magnesium
ratio in equilibrium with sea water is formed in the chlorite.
A second mechanism is to oxidize the iron rich chlorite and
reform a high magnesium chlorite in equilibrium with sea
water. This second mechanism has been observed in the de-
composition of synthetic micas (Wones and Eugster, 1965).
In the first process only iron and magnesium values
would be expected to change whereas in the oxidation process
aluminum/silica values could change as well. Both chlorites
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are trioctahedral (060 > 59.60) so aluminum determinations
based on methods discussed by Brindley and Gillery (1956)
and Albee (1962) are applicable.
Within the large limits of error of this method, no
differences in aluminum/silica values between the iron rich
and magnesium rich chlorites were observed. This is not
unreasonable as Foster (1962) has shown that SiVI/AlV I
ratios can remain constant while Fe2 /Mg2 ratios change
from .1 to .9. Thus exchange of iron and magnesium is pos-
sible without altering the talc octahedral occupancy. This
process appears to be in operation with these chlorites.
For further discussion see Copeland (in press).
Table 7 shows the quantity of iron, cobalt and man-
ganese that are released to the environment when 25.6% of
the iron rich chlorite has converted to the magnesium
variety.
SIf the sediment system was nearly closed, one would
expect to find evidence in the sediment of the release of
these metals. Such evidence appears to be present in the
form of the metal hydrate phase mentioned earlier. Bulk
analysis of the sediment indicated this phase to be about
1% by weight. A comparison of the metal content of the
metal hydrate phase (Table 1, 7) with the material released
by the decomposition of chlorite shows the chlorite to be
a probable source or iron, manganese and cobalt but not a
source for the rare earth elements.
Montmorillonite comprises about 10% of the sediment.
A further 8% consists of ultra fine (less than .5 microns)
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material which contains poorly crystallized clays and
amorphous material.
Most work on the decomposition reactions of montmoril-
lonite has been done of necessity at elevated temperatures.
Poncelet et al., (1967) have found that acid solutions at
150-2500 C will convert montmorillonite to kaolinite. Simi-
lar work in basic solutions resulted in zeolites. Although
the results were obtained at elevated temperatures, the
authors believe the results to be applicable to 200 C with
a corresponding rate decrease.
Altschuler et al., (1963) have found evidence of ex-
tensive conversion of montmorillonite to kaolinite in
central Florida. In this case the temperature and pH values
approximate interstitial water (20 C, pH 7.5). Thus, it
does not seem unreasonable to postulate chemical weathering
of montmorillonite in a submarine sedimentary environment.
The end product is probably not kaolinite but rather an
alumino-silicate of uncertain structure since kaolinite
would probably not form in the presence of abundant sodium,
potassium and calcium. The chemical behavior of iron,
manganese, cobalt and the rare earths predicts they will
precipitate out as insoluble hydroxides but sodium, potas-
sium and calcium will not.
Sufficient rare earth elements to form the acid soluble
metal phase can be obtained by decomposition of 15% of the
existing montmorillonite (Table 7).
Table 7 shows a mass balance between the "sources"
(chlorite and montmorillonite) and the "sinks" (metal
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hydrate phase, alumino-silicate, and calcite).
The correlation between the totals is very good if
one permits the alumino-silicate to retain some of the
trace metals. The amount retained is within the range
reported for illite and chlorite by Deer, Howie and Zussman
(1967). Placement of some of the trace metals in the
alumino-silicate is also required for the mass balance of
the sediment (Table 1).
The change in the mass balance (Table 7) by additions
to the metal phase by possible decomposition of some of
the minor phases needs to be considered. Albite and quartz
are significant minor phases. However, they are low in
trace metal concentrations (Deer, Howie and Zussman, 1967)
and would not be expected to decompose quickly. Amphiboles
associated with chlorite can contain large amounts of
transition metals and moderate amounts of rare earth elements.
They do not appear to undergo rapid decomposition in the
sediment, however, since the relative intensity of amphi-
bole x-ray diffraction peaks in relation to albite do not
seem to decrease in the 1-10p size range compared to values
in 3 7-7 3 p and 250-500p sizes. The behavior of nontronite
in this system is unknown. It is of small absolute abun-
dance (.5%) but is very high in transition metals. It is
forming from palagonite in sea water but may not be stable
with respect to decomposition in the finer size ranges.
The amount which may have decomposed is unknown but if an
amount equal to that present has decomposed, then the amount
of iron supplied by the "sources" (Table 7) would be higher
Ia~__ ;I~~_~~_____lrn_
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by 30%. The increase in all other elements is negligible.
The mechanism by which the "sinks" are formed and an
investigation into chemical species present is pertinant.
Garrels and Christ (1960) have found that ferric iron
in aqueous solution will precipitate as a hydrous oxide of
indeterminate water content. This hydrous oxide is unstable
with respect to recrystallization to goethite, the stable
phase in the marine environment (Bischoff, 1969).
Less work has been done on manganese and cobalt but it
is not unreasonable to expect them to behave similarly. I
propose that as the iron, manganese and cobalt are released
by decomposition of chlorite and montmorillonite they
precipitate in the sediment as this metastable hydrous oxide.
The mass balance relationship between the clay decomposition
products and the metal hydrate phase supports this hypothesis.
These hydrated oxides are transitory and will tend to
recrystallize. As Garrels and Christ (1965) state, "Thus,
with sufficient time, freshly precipitated ferric hydroxide
will convert to the much more stable goethite." I believe
this recrystallization to be the incipient stage in the
formation of manganese nodule like material. This recrystal-
lization will proceed faster if a nucleation site is avail-
able. The calcite grains offer such a site. Mero (1965)
has noted that foraminiferal calcite has commonly been ob-
served to be the nucleus for manganese nodules.
The iron-manganese ratio of the metal hydrate phase is
about 145/1. This is much higher than the highest values
for the "A" nodules of Mero. The iron manganese ratio for
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the carbonate is 2/1 which is within Mero's "A" range.
The enrichment of manganese and cobalt with respect
to iron compared to sea water or mineral values has been
observed in almost all manganese nodules. Garrels and
Christ have offered an explanation based on the lower
solubility of iron hydrates with respect to manganese and
cobalt. One expects the manganese-iron and cobalt-iron
ratios to be higher in the interstitial solution than in
the acid soluble phase. If these ions then recrystallize
on calcite as goethite and birnessite, with concurrent
solution of more material from the metal hydrate phase,
the observed situation is approached. The coating on the
calcite is enriched in manganese and cobalt while the
metal hydrate phase becomes progressively enriched in iron.
Recent analysis of manganese nodules by Manhiem (1965),
Bricker (1965) and Barnes (1967) have shown goethite and
hydrated manganese oxides to be among the phases present.
From the preceeding argument there is no reason to
suspect that the metal coatings should not be present
in equal amounts over all size ranges of calcite observed
in the sediment.
An explanation for the maximum which is observed in
the 37-73 micron range for each element is not readily
apparent. Similar maxima were reported by Turekian (1965)
for iron and manganese except that they were in the 1-10
micron range instead of the 37-73 microns.
Turekian attributed his peaks to contamination from
clay materials present as extraneous matter, and as
material entrapped within the foraminifera tests. This
seems unlikely since his values decrease to a minimum in
the .5-.7 micron range where clay is abundant.
The increase in the trace metal concentration up to
the observed maxima can be explained as follows. As the
size of the particles decrease the relative amount of material
behaving chemically as calcite increases. This is caused
by an organic coating on the outside of whole foraminifera as
reported by Wangersky and Joensuu (1967) and Chave and
Suess (1967). Trace elements are probably less adsorbed
on this coating than on calcite due to the non-ionic
nature of the coating. Furthermore, this coating could
inhibit migration of trace elements into the calcite struc-
ture.
It is significant that the position of the maxima in
the curve corresponds to the size range where there is a
rather sharp change from predominately whole organisms to
predominately fragments (Fig. 5). The relative concentra-
tion of broken fragments, which display an uncoated broken
surface, is greater in the smaller particle size ranges.
Therefore the number of sites for surface coating per gram
of total calcite increases, causing an increase in the
total concentration of trace material integrated over all
the calcite in each size range.
The decrease in the trace metal concentrations in the
less than 37 micron size range cannot be explained in this
way, because in this region the sample consists almost en-
tirely of fragments.
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It has been suggested that the majority of material
in the greater than 80 micron size ranges was not equilibra-
ting with the interstitial water due to the existence of
an organic coating surrounding most of the material.
If we assume that the 37-73 micron material is forming
a coating in equilibrium with the interstitial water since
it contains mostly uncoated fragments, then one must conclude
that particles less than 37 microns in size are derived
directly from particles larger than 73 microns in size.
Estimates from the work of Chave and Schmalz (1966)
indicates calcite particles less than 37 microns in size
have lifetimes ranging from hours to months in sea water.
This is insufficient time for apprecable iron-manganese
coatings to be built up (Bender et al., 1966; Barnes and
Dymond, 1967). Because of this short mean lifetime,
calcite particles less than 37 microns in size cannot
significantly alter their trace element composition before
they dissolve. Thus they must represent the trace element
concentrations of the larger parent particles.
It is not unreasonable to expect that small particles
may be derived directly from large particles without exist-
ing as intermediate sizes. When a large object is broken
mechanically it breaks into several large and many very
small fragments. These smaller pieces bypass the inter-
mediate size ranges. Further, it is mechanically easier
to break up a large particle than a smaller one (Brace,
1961; McClintock and Argon, 1966). It is easy to visualize
a situation where sufficient force is available to break
.r.-.illl~l~l~-in~a~r ~-~**l~pr~rx;
up large particles but not smaller ones.
Thus the 37-73 micron size range may represent the most
stable phase with respect to mechanical breakup and yet be
fairly resistant to solution. It would have a longer mean
life than either larger or smaller particles, and would be
expected to develop a higher concentration of trace elements.
The hypothesis has been presented that the high con-
centration of trace metals are due to the formation of a
metal coating on the calcite. Several other possibilities
exist.
It is possible that interstitial water or interstitial
water residue is entrapped in the chambers of the smallest
whole foraminifera. This can be ruled out because the
shells were all crushed and washed prior to solution.
The pink foraminifera mentioned earlier need explanation.
A number of these were handpicked from the 250-500 micron
fraction and analyzed. Results are shown in Table 3.
Slight differences in trace element concentrations compared
to non-pink foraminifera of the same size are observed.
Although they are slightly different in trace metals the
pink foraminifera cannot explain the maxima since they
are about equally abundant in all size ranges from 37-500
microns.
Microscopic examination of the foraminiferal material
in the particle size range (37-73p), for which maximum
metal content is observed, shows a high concentration of
juvenile foraminifera. If juvenile foraminifera have an
increased metabolic need for these metals, as compared with
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an adult, then certainly the metal content in the 37-73
micron range should be higher than for coarser samples
which contain primarily adults or fragments of adults.
To investigate this possibility, bulk fractions 37-73,
73-125, 125-250, 250-500 microns respectively were passed
once through a Franz megnetic separator at maximum current.
Everything with moderate magnetic susceptibility was
removed. A number of foraminifera tests (those containing
clay and fragments apparently high in trace metals) were
removed in this manner. The non-magnetic portion of the
37-73 micron fraction was examined optically and found
to contain abundant juvenile foraminifera. If juvenile
foraminifera contained sufficiently higher concentrations
of these elements to be magnetically susceptible than the
37-73 micron non-magnetic fraction should have been depleted
in juvenile foraminifera.
DISCUSSION OF STRONTIUM
Regardless of whether or not the hypothesis of iron,
manganese, and cobalt forming coatings on calcite is correct,
strontium can not be explained in this manner.
Strontium does not form insoluble hydrates. It was not
detected in the metal hydrate phase nor would it be expected
to form hydrated oxides on the calcite. Strontium does
replace calcium in foraminifera. The range of values given
by most investigators is .14-.25% (Emiliani, 1955; Krinsley,
----- L~r- - i~r~LI~- .^I-I-~U~-~U--- L~I-
31
1960; Wangersky and Joensuu, 1964; Thompson and Bowen, 1969).
In the CH44 Dr 3 sediment a value as high as 1.52% was
measured as apparently associated with the calcite (Table 3,
5, Fig. 2). It is unreasonable to assume all previous studies
were in error so the majority of the "excess" strontium
is either associated indirectly with the calcite or not
associated with it at all.
There are no strontium minerals which would normally
be associated with marine sediments which are magnetic.
Thus the apparent association of strontium with the mag-
netic fraction of the sediment must mean that the strontium
is either overgrowing, coexisting with, or replacing some
element which is in a magnetically susceptible mineral.
The total amount of "excess" strontium is very small,
about 50pg/gm of sediment. This amount would be completely
undetectable by x-ray diffraction patterns if it were over-
growing the transition metal coated calcite or some other
mineral phase present. The strontium is probably present
as a replacement for calcium. Non-strontium minerals which
could have significant strontium present are calcium phos-
phates or zeolites. Zeolites were reported by Siever and
Kastner (1967), but were not identified in this study. CH44
Dredge 5 calcite, which shows high strontium, has low con-
centrations of transition metals. In addition the sediment
is low in clays and non-carbonate minerals. This implys a
source of strontium completely independent of the source
of iron, manganese and cobalt. Calcium phosphate was tenta-
tively identified by x-ray diffraction but seemed to be about
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equally abundant in all size ranges. Since quantitative
analysis for trace components by x-ray diffraction is poor,
phospate was analyzed by a colorimetric method described
by Kirsten (1967). The results are given in Table 8. In
general, high values of strontium seem associated with
high values of phosphate. If all the strontium in the CH44
Dr 3 37-73p fraction were assumed to be present in the
(calcium) phosphate; about 5% of the calcium would be re-
placed by strontium. Thus, trace amounts of phosphate may
be dissolving in the ammonium chloride solution giving rise
to erroneously high strontium values.
CONCLUSIONS
From the evidence presented it has been concluded
that the existence of high concentrations of iron, cobalt
and manganese in the 37-73 micron range is due to post
depositional precipitation of these metals as hydroxides
onto the surface of the calcite crystals and perhaps some
subsequent replacement of calcium by them in the calcite
structure. The source of the trace metals is believed to
be the clay materials which are associated with the car-
bonate.
The fact that the greater than 70 and less than 30
micron size ranges do not show high concentrations of trace
elements is caused by a lack of fragments in the greater
than 70 micron size ranges and by the derivation of the less
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than 30 micron fragments directly from the greater than 70
micron material.
It seems most logical that strontium is present in
trace quantities replacing calcium as a carbonate or phos-
phate. The solution of traces of this phase in ammonium
chloride solution yields the high values of strontium
apparently associated with calcite.
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TABLE 1
TRACE ELEMENTS IN CH44 Dr 3 MINERALS
Ig/mg
Fe
Chlorite from greenstone
Iron rich chlorite
Magnesium rich chlorite1
1-10p chlorite 2
Palagonite
Nontronite
1-10p montmorillonite 2
Metal hydrate
138 ±6.2
100 ±5.1
88 ±4.5
54 ±4.7
102. ±6.0
242 ±15.
144. ±9.1
130 ±11.
Mn Coxl0- 2
1.60±. 08
1.60±.08
1.24±. 06
1.3±.11
1.5±.08
1.97±.13
5.2±.3
.9±.05
Percent of
total
sediment
3 7
-
5 00p bulk 49% 8.2% 1.23 5.6 3.8 1.4 4.1 N.D.
1-37p bulk 33% 9.1% 2.08 6.6 19. 2.1 6.9 N.D.
<1p bulk 18% 10.1% 3.05 8.7 58 2.5 7.7 N.D.
Weighted average 8.8% 1.8 6.0 18 1.88 5.7
9±.6
5.4±.4
4.5±.3
3.1±.3
5.6±.3
4±.4
11.3±.9
1 ±.06
Laxl0- 3
5.2±.7
3.2±.7
4.7±.7
3.0± 3
5.2±1.3
3.2±1.1
43 ±6.
58 ±5.
Eux10- 3
1.2±.15
1.7±.2
1.6±.2
1. 2±.4
1. 9±.2
2.2±.3
3.1±.6
5.4±.5
Luxl0 - 4
4.5±.4
4.5±.7
5.4±.5
7±2.1
6.5±.8
11 ±.2
13 _.3
N.D.
Sbx10- 3
<2
2.2±1.
7.2±3
7.7±3
.9+.5
8.7±3
28. 6±4
<2
TABLE 1
CONTINUED
Fe
Marine Sediments
Other Workers
Percent of Total Trace
Elements Present in
Chlorite, Montmorillonite,
Palagonite, Amorphous
and Metal Hydrate
Percent of Total Trace
Elements that Must be
Present in Other Clays,
Calcite and Minor Phases.
3.5-14%4
80%
20%
Mn Coxl0 - 2
.1-45
81%
19%
66%
34%
Laxl0- Euxl0- 3 Luxl0-
2-30 6
61%
39%
N.D.
73%
27%
N.D.
93%
7%
1. These values are upper limits; see text
2. Samples contain about 15% illite plus kaolinite
3. N.D. = Not Determined
4. Goldberg and Arrhenius (1958); El Wakeel and Riley (1961)
5. Goldberg and Arrhenis (1958); El Wakell and Riley (1961); Hirst (1962); Polter et al (1963)
6. Goldberg and Arrhenius (1958)
7. Tanner and Ehman (1967).
Sbxl0- 3
.36-7.03 7
TABLE 2
STANDARD ROCK ANALYSIS
G-1 (Granite)
G-1 Literature 2
W-1 (Diabase)
W-1 Literature 2
402 Bulk 3
402 .2NHC1
402 NH 4C1
402 Literature 4
lb Bulk3
lb .2NHC1
lb NH 4Cl
lb Literature s5
Fe
16.1±2
13.7
69±7
75-94
3.6±.5
Trace
Trace
2.6
6±1
4.7±1
3.1±.2
5.3
Mn
.16±.008
.16-.23
1.28±.06
1.25-1.37
.14±.02
.23±.1
.17±.03
.15
1.5±.1
1.0±.3
.4±.05
1.5
Cox10- 2 Laxl0 -3 Euxl0- 3 Luxl0- 4
.20±.
.22-.
4.1±.
4.1-5
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
123±6
85-120
14±3
8.5-30.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
1. 6±.3
.8-1.36
1±.1
1.0-1.29
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
_______________ I ___________ I __________ .0 _______
N.D. = Not Determined
Gordon et al. (1968)
Standard Carbonate Rocks
Ingamills and Suhr (1967)
NBS Pub. #260, (1968)
1g/mg
1.8±.2
1.2-1.7
3.2±.3
2.0-3.5
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
Sbxl0- 3
.38±.1
.26-.42
.86±.3
.13-1.1
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
Sr
N.D.
N.D.
.15±.05
.4±.1
.3±.2
.12
1±.2
1±.2
.62.3
1.2
c0
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TABLE 3
TRACE ELEMENTS IN CARBONATES (pg/mg of material dissolved)
Fe Mn Coxl0- 2
CH44 Dr3
250-50 0 p
(G. ruber)
250-500p
125 250p
73-125p
37-73p*
37-73p* 
2
37-73p
20-37p
10- 2 0p
1-10p
<.5p
Other Workers
Globigerina
37-73p 6
37-73 p* 6
4.0±.4
2.8±.3
2.4±.4
4.4±.5
1.1±.2
1.0±.2
5.9±1.2
4.8±1.0
7.3±1.3
2.6±.7
2.6±.5
1.5±.3
.7-4. 53
1.1±.3
1.0±.2
.34±.02
.47±.03
.89±.05
2.2±.11
.08±.006
.40±.02
4.0±.3
3.4_.3
4.0±.2
1.3±. 09
2.8±.02
.34_.02
.02-.42 4
3.7±1. 5x10 3
5.7±.6x10-'
1. 2±.1
1.4±.13
1. 8±.16
6.5±.5
.17±.02
.55±.5
12±1
10±1
4.0±.4
1.6±.2
2.9±.3
.47±.6
.06±.03
.038±. 007
1.5±.04
1.2±.25
2.5±.5
4.1±.5
1.3±.3
1.8±.3
15.3±2
11.4±2.1
13.4±1.5
4.3±.9
4.4±.6
1.5±.2
1.0-2.5 s
* = Solution by acetic acid
1. Reacted 2 seconds
2. Reacted to equilibrium
3. Emiliani (1955), Wangersky and Joensuu (1964)
4. Wangersky and Joensuu (1964)
5. Emiliani (1955), Krinsley (1960)
6. Calcite freed of magnetic material by Franz separator.
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TABLE 4
TRACE ELEMENTS IN CARBONATES (pg/mg of material dissolved)
Fe Mnxl 0-2 Co Sr
CH44 Dr5
125-250p
125-250p*
37-73p
1-10p
Bahama Oolites
Other Workers
1.4±.5
1.9±.2
1.5±.4
1.6±.3
1.0±.03
1.31
.63±.1
.61±.4
1.3±.2
5.3±.6
1.0±. 1
<10 - 3
<10 -
2.8±.3x10-3
<10 - 1
4.2+.8xl0 -
__ _ _ _ _ _ 
_ _ _I _ _ _ _ _I _ _ _ _ _J__ _ _ _ _ _ _
* = Solution by acetic acid
1. Newell and Rigby (1957)
2. Kinsman (1969)
6. 5±.7
1.0±.06
4.8±. 6
3.7±.5
9.8±.7
9. 8±. 52
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TABLE 5
CALCULATION OF "EXCESS" TRACE ELEMENTS IN CH44 Dr3 CALCITE
CH44 Dr3
Concentration in
pg/mg in calcite
Mn Coxl0 - 2 Sr
Total
weight
of calcite
exposed to
solution
mg
Weight
of
calcite
dissolved
mg
Metals in excess of
37-73p pure calcite
acetic acid solution3
ig/mg total calcite
Fe Mn Cox10 - 3 Sr
250-500p
125-250p
37-73-p
20-37p
10-20p
1
-
1 0 P
2.8
2.4
4.4
5.9
7.3
2.6
2.6
1.5
.47
.89
2.2
4.0
4.0
1.3
2.8
.34
1.4
1.8
6.5
1.2
2.5
4.1
12.0 15.0
4.0 13.0
1.6
2.9
4.3
4.4
.47 1.5
75
87
100
100
75
38
62
12
3.1
3.1
2.6
3.6
2.4
4.3
4.0
6.62
.07 .02
.05 .03
.08 .06
.17 .14
.20 .13
.17 .14
.10 .18
.20 .18
37-73pi
pure
37-73p pure
solution by
acetic acid
1.1 3.7x10-3
1.0 5.7x10- 3
1. Obtained by passing sediment through a Franz separator until all magnetic material was
removed.
2. This value appears high and may reflect some calcium from a non-calcite source.
3. These values were obtained by subtracting the pure calcite values from the observed
values, multiplying by the amount of calcite dissolved and dividing by the total weight
of calcite present.
4. Blank value of 1.0pg/mg used instead of .8pg/mg
Fe
.58
.64
1.7
4.3
1.3
1.8
1.9
2.6
.008
.054
.081
.50
.38
.37
.22
.27
6x10 4
4x10- 4
CH44 Dr3
Predicted concentration
calcite had dissolved. s
Fe Mn Cox10 - 3
TABLE 5
CONTINUED
if all
1g/mg
Sr
250-500
125-250p
73-125P
37-73p
20-3711
10-20p
1.10 ,
<.5p
1.07
1.05
1.08
1.1
1.17
1.2
1.17
1.10
1.20
.02
.03
.06
.17
.14
.13
.14
.18
.18
1
1
2.1
2.8
4.7
1.7
2.2
2.3
3.0
1.0
1.05
1.08
1.5
1.5
1.38
1.37
1.22
1.27
Measured Values 6
5. Obtained by adding the excess values to the 37-731 pure calcite (acetic acid) values.
6. Bulk sample reacted with 10% v/v acetic acid until all calcite dissolved.
o
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TABLE 6
MASS BALANCE SHEET CH44 Dr3
Total Calcite 25%
Total Green 32%
Chlorite + Greenstone
(Contains some albite, epidote
and amphibole)
Total Pale Green Chlorite 11%
Palagonite, Nontronite, Quartz 8%
Montmorillonite 10%
Kaolinite 3.5%
Illite 1.5%
Ultra Fine and Amorphous 8%
Metal Hydrate 1%
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TABLE 7
mg TRACE ELEMLNTS/100gms BULK SEDIMENT (CH44 Dr3)
Fe Mn Co La Eu
Quantity released by
conversion of 25.6% of
iron chlorite to magnesium
chlorite
Quantity released by
conversion of 1.5gms
1-10p montmorillonite
to 1.5gms Fe, Mn, Co, La,
Eu free alumino-silicate
Total Metal Hydrate Phase
Total Calcite
Sum of "sources"
Sum of "sinks"
136
218
130
4.6
7.8
.11
.17
.9 .01
11 5.2 .11
354 12.4 .28
141 6.1 .12
.064 .0045
.058 .0054
N.D. N.D.
.064 .0045
.058 .0054
Excees Metals
Concentration of metals
needed in 1.5 grams
alumino-silicate from
1-10p montmorillonite to
account for excess
metals
213 6.3 .16
14% .4% .01%
N.D. = Not detected
__ 1LII_ (~_ 1 1___~_  L II 1~_1~I~ U__I1__II_(IL __LiCI
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TABLE 8
PHOSPHATE CONCENTRATIONS IN CH44 Dr3 AND Dr5
P04 Pg/mg
Total Sediment
Sr pg/mg
Soluble Fraction
CH44 Dr3
1.2±.25
15.3±2 (.04 pg/mg
Total Sediment)
4.4±.6
CH44 Dr5
6.5±.7 (125-250p)
4.8±.6
1.9±1 3.7±.5
37-73p
.78±.4
3.2±1.5
<10p 4.7+2
>250p
37-73p
1.5±1
1.5±1
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CHAPTER 2
RARE EARTHS IN CLAYS
INTRODUCTION -
This paper describes research investigating rare
earth content and distribution in chlorites, montmorillonites,
and amorphous phases from sediments dredged from the Mid-
Atlantic Ridge. The research further investigates the
crystal chemical and environmental conditions under which
these rare earth distributions could have developed. From
this data suggested origins for different minerals in the
fine fraction of the sediments are postulated.
Solutions to the problem of provenance, especially
for fine grained marine sediments, have been subjects of
intensive investigation. Biscaye (1965) has shown that
the majority of the noncarbonate fine fraction is contin-
ental in origin. Fox and Heezen (1965), Biscaye (1965) ,
and Siever and Kastner (1967), have reported local origins
for the coarse fraction of certain Mid-Atlantic sediments.
The amount of local contribution to the finer fraction
often remains in doubt.
Siever and Kastner (1967) suggested a local origin
for some of the finer sediment in ponds of the Mid-Atlantic
Ridge. This conclusion was based on optical and x-ray
diffraction studies of texture and crystallinity. Trace\
element analysis of the sediment and proposed nearby source
rocks might be able to further demonstrate if part of the
finer portion is of local origin.
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The postulated local source rocks for the Mid-Atlantic
Ridge sediments are sub-alkaline basalts (oceanic tholeiites)
and associated metamorphic rocks (greenstone). These rocks
are characterized by unusual trace element distributions
(Frey et al., 1968).
Melson and Van Andel (1966) and Melson et al., (1968)
have studies greenstones dredged from the Mid-Atlantic Ridge.
They concluded that these rocks are a metamorphic product
of the sub-alkaline basalts.
Frey et al., (1968) have analyzed the olivine tholeiites
and the greenstones for rare earths. They find these rocks
to be depleted in light rare earths relative to chondrites.
They found that the rare earth distribution in olivine
tholeiites is not radically changed during the postulated
metamorphism to greenstones.
It is possible that clays derived from these rocks
might maintain this light rare earth depletion. If this
is true, then the origin of marine sediments may be reflected
by rare earth contents of constituent minerals within the
sediment. To test this hypothesis two of the samples
studied by Siever and Kastner (1967) were investigated.
SAMPLE DESCRIPTION
One of the samples, designated Chain 44 Dredge 3, was
chosen because the coarse fraction contains a group of minerals
'which are certainly local in origin and apparently represent
two weathering series (Fig. 6).
The palagonite was observed optically to be altering
to montmorillonite which in turn is being supplied to the
fine sediment. The alteration of iron-rich chlorite to
magnesium chlorite was first postulated by Siever and
Kastner (1967). It is discussed in detail in the Chlorite
Discussion.
The Chain 44 Dredge 3 sample is a surface dredge
sample collected on WHOI Chain Cruise #44 on the flank of
the Mid-Atlantic Ridge at 22 0 38.01'N and 4500.7 to 44°58.8'W
at a depth of 2400-3400 meters (Fig. 7).
The second sample is from the 1965-1 cruise of the
Thomas Washington and is designated THV15. This sample is
from a pond at 22 0 47.5'N and 45011.4 to 450 12.2'W at a
depth of 2460-2630 meters (Fig. 7). It is an unusual sample,
consisting almost entirely of amorphous material in the
<10p fraction. Two similar samples from core AII-42-17
taken at 19 0 33.8'N and 46 0 07.8'W were also studied.
METHODS
The CH44 sample was separated into a greater than 63
micron and a 1-10 micron fraction by sieving and centrifuging.
Each fraction was thoroughly washed with distilled deionized
water.
Samples of unaltered glass, iron-rich and magnesium-
rich chlorites, and yellow-orange nontronite were picked
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from the coarse fraction. In addition, a greenstone from
the same area supplied by Dr. G. Thompson was crushed and
the iron-rich chlorite separated.
The 1-10 micron fraction was equilibrated with 25%
v/v acetic acid to remove calcium carbonate and metal
hydrates and then buffered in 2xl0 - 4 M sodium carbonate.
The chlorite and montmorillonite were separated by continuous
particle electrophoresis using the procedure described in
detail by Drever (1968).
The 1-10p fraction of the sediment was separated into
two fractions, one containing about 80% chlorite, 10% kao-
linite and 10% illite and the other about 65% montmorillonite,
20% chlorite, 10% illite, and 5% kaolinite.
A less than 10 micron fraction was separated from the
THV15 sediment equilibrated with 25% v/v acetic acid,
washed and analyzed without further treatment since no
electrophoresis separation was obtainable for this sample.
All samples were analyzed for rare earths by INAA using
a 26cc Ge(Li) detector and a 4096 channel Packard memory
unit. The samples were irradiated for five minutes in the
M.I.T. nuclear reactor (flux = 2.2x10 13 neutrons/cm 2-sec)
and allowed to decay for four hours before being counted.
The samples were then reirradiated for 12 hours and then
counted after five days, two weeks and six weeks. The
counting methods used were those described by Gordon et l.,
(1968) and y-ray energies were referenced from Gordon et al.,
(1968) and Dams and Adams (1969).
The precision to which duplicate runs of the same sample
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could be reproduced was about ±5%. This 5% error is due
to variations in geometry and counting statistics (see
Appendix 1). The absolute accuracy of the determinations
is not known. Concurrent analysis of rare earths in G-1
and W-1 gave results which were within ±10% of other workers
analyses by activation methods (Table 9). The values re-
ported in Tables 9 and 10 are believed accurate within
the error limits given. Error limits were based on count-
ing statistics, reproducability and interference. For a
detailed computation of error see Appendix 1. Only 3 or
4 rare earths were obtainable for each sample because of
small sample size (1 or 2 milligrams) and interference
from other elements.
CHLORITE DISCUSSION
A distinct difference in rare earth abundances rela-
tive to chondrites has been noted between most continental
rocks and oceanic tholeiites (Haskin et al., 1966a; 1966b;
1968; Frey et al., 1968). Relative to chondrites continental
rocks (e.g. basalts and shales) have similar enrichments
4I
in light rare earths, while oceanic tholeiites display a
depletion in the light rare earths. Typical values for con-
tinental rocks and abyssal tholeiites are shown in Fig. 8.
It might be suspected that fine-grained continental chlorite
would show an enrichment in light rare earths relative to
chondrites, and fine-grained marine chlorite, a depletion.
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Figure 9 shows the rare earth data for the four chlorites
outlined in Fig. 6. The iron-rich and magnesium-rich
chlorites are obtained from material which is definitely
locally derived from the surrounding greenstones. These
rocks maintain the light rare earth depletion observed in
the parent (chlorite from greenstone). Figure 9 also shows
the rare earth data for the 1-10p chlorite separated from
the sediment by electrophoresis. This material is fine
enough to have been derived from the continents, but may
equally well have been derived from local sources. It dis-
plays a light rare earth depletion relative to chondrites
which appears consistent with its hypothesized derivation
from the coarser local chlorite.
Both the 1-10p chlorite and montmorillonite contain
about 15% illite plus kaolinite. The additional rare earths
incorporated in the illite and kaolinite must be quite
small since the absolute abundances of rare earths in the
1-10p chlorite assemblage is very small.
Figure 10 shows analyses of three continental chlorites
and two continental montmorillonites. With the exception
of the Maine montmorillonite all the minerals show a marked
europium anomaly. This is probably due to the removal of
europium as Eu 2+ during early stage crystallization of the
parent material. The presence of anomalously high europium
Sin relation to other rare earths in feldspar is known but
the presence of significant feldspar in association with
these clays could not be demonstrated. None of the chlorites
(continental or marine) show a tendency toward enrichment
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of the light rare earths. Except for the Massachusetts
chlorite all the chlorites show low rare earth abundances.
This may be due to the crystal structure of chlorite and
is discussed below.
At least two mechanisms exist by which iron-rich
chlorite can be converted to magnesium-rich chlorite.
Iron may exchange for magnesium in sea water until an iron/
magnesium ratio in equilibrium with sea water is formed in
the chlorite. A second mechanism is to oxidize the iron-
rich chlorite and reform a high magnesium chlorite in equili-
brium with sea water. This second mechanism has been ob-
served in the decomposition of synthetic micas (Wones and
Eugster, 1965).
In the first process only iron and magnesium values
would be expected to change whereas in the oxidation process
aluminum/silica values could change as well. Both chlorites
are trioctahedral (060 = 59.60) so that aluminum determina-
tions based on methods discussed by Brindley and Gillery
(1956) and Albee (1962) are applicable (Table 11).
Within the large limits of error of this method, no
differences in aluminum/silica values between the iron-
rich and magnesium-rich chlorites were observed. This is
not unreasonable as Foster (1962) has shown that SiVI/AlVI
ratios can remain constant while Fe 2+/Mg 2+ ratios change
from .1 to .9. Thus exchange of iron and magnesium is pos-
sible without altering the talc octahedral occupancy. This
process appears to be in operation with these chlorites.
The rare earth data for the four chlorites in Fig. 9 supports
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this hypothesis.
Stability considerations, based on ionic radii, pre-
dict that rare earths present in any exchangeable position
should be easily replaced by magnesium as iron chlorite is
converted to magnesium chlorite. Yet, within the limits
or error, the rare earth values are identical for all chlorites.
This implies no rare earths in exchangeable positions. Rare
earths can not fit into the silica tetrahedron because of
their large size so they must be in either the talc octa-
hedral layer or the brucite octahedral layer. One of the
octahedral layers must be closed to exchange. Based on the
apparent stability of the talc structure (Deer, Howie, and
Zussman, 1967) it seems most likely that exchange is taking
place in the brucite octahedral layer only.
It is tempting to postulate that the discrimination
in favor of the heavy rare earhts is based on the smaller
ionic radii of the heavy rare earths. This discrimination
against rare earths as a whole and individually by ionic
radii would thus be a characteristic of the mineral. Only
in the case where the parent material is highly enriched
in light rare earths would an enrichment in light rare earths
be retained by the chlorite, We have no information on the
rare earth contents or fractionation in the parent material
of the continental chlorites. Until such information is
available, discrimination against light rare earths by all
chlorites can only be hypotheiszed. Therefore, the rare
earth behavior of the 1-10 chlorite does not appear to con-
clusively demonstrate its origin from the coarse chlorite /
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of the sediment, although the exact duplication (within
the limits of error) of the rare earths would tend to in-
dicate it.
MONTMORILLONITE DISCUSSION
Figure 11 shows the rare earth data for the palagonite,
associated nontronite, and the 1-101 montmorillonite separated
by electrophoresis. The depleted light rare earth distri-
bution is evident in the palagonite and coarse nontronite.
This indicates nontronite retains the rare earth distribu-
tion of its parent. The 1-10i fraction, however, shows
light rare earth enrichment. The absolute abundances of
all the rare earths are greater in montmorillonites than
in chlorites (Table 9, Fig. 10). This seems to indicate
a greater ease of substitution of rare earths into mont-
morillonite than into chlorite. The crystal chemical be-
havior of trace elements in montmorillonite is pertinent.
The theoretical structure of dioctahedral montmorill-
onite (smectite variety), without considering lattice sub-
stitution or interlayer ions, consists of two tetrehedral
silicon-oxygen layers with a gibbsite layer in octahedral
coordination in between (Grim, 1953; Deer, Howie and Zussman,
1965). The aluminum in the gibbsite (which corresponds to
the magnesium in the brucite layers of chlorite) is an ex-
changeable cation. Unlike the magnesium in brucite, however,
the gibbsite structure has only 2/3 of the available sites
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filled with aluminum (see below).
BRUCITE GIBBSITE
0 0 0 0 o 0 0 0 o
< X X X X x 0 o * *
• o a o o 0 0 0 0 0 
X = magnesium o = hydroxyl = aluminum
This is necessary, of course, to balance ionic charges.
It also makes it much easier to substitute other ions in
place of aluminum. Unlike chlorite, the ionic radius of
the substituting ion is not of crucial importance. When
elements with large ionic radii are substituted for aluminum,
distortion of the crystal network takes place. The amount
of distortion is easily observable and can be measured
(Grim 1953). The ease to which different elements can
be accommodated into the montmorillonite structure is vividly
demonstrated by the wide range of composition of naturally
occurring montmorillonites.
A very common substituent for aluminum is magnesium,
creating a trioctahedral montmorillonite (saponite variety)
which has a brucite layer instead of gibbsite (Grim, 1953).
In addition to magnesium, Grim reports that total replace-
ment of octahedral aluminum by iron (III), chromium (III)
and zinc is known. Mason (1960) reports that in natural
systems partial substitution is known by lithium, manganese
(II) and nickel (II).
In addition to octahedral substitutions for aluminum,
trace elements can be incorporated into interlayer positions
/
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to balance charge deficiencies arising from substitution
of aluminum for silicon in the tetrahedral layer of both
smectites and saponites. Charge deficiencies may also
arise by atom for atomla replacement of aluminum by M(II) in
the octahedral positions.
Rare earths in montmorillonites may be present sub-
stituting for aluminum in the octahedral layer or they may
be interlayer cations balancing charge deficiencies.
It is uncertain in the CH44 Dr3 montmorillonites
whether the rare earths are interlayer or in octahedral
substitution for aluminum. I believe the evidence is in
favor of octahedral occupancy. There is no significant
change in rare earths as palagonite is converted to nontronite.
If the rare earths were being incorportated innormal inter-
layer positions in the nontronite (easily exchangeable)
one would expect a decrease in rare earths when the nontronite
equilibrates with sea water. No such decrease is observed
indicating the rare earths must either be in octahedral
positions or in a non-exchangable interlayer position.
Four sources exist from which the 1-10p montmorillonite
may have originated. First, it may be a product of the
direct mechanical breakup of nontronite. Second, it may,
be originating directly from palagonite. Third, it may be
crystallizing from amorphous material. Finally, it may be
continental in origin.
It is doubtful that the 1-101i montmorillonite originated
directly from nontronite. Nontronite comprises only .5%
of the sediment whereas montmorillonite comprises about 10%.
_
It is questionable that nontronite was ever abundant enough
to have formed a large portion of the 1-101i montmorillonite.
The rare earth distributions also indicate a different
origin for 1-10p. montmorillonite. The light rare earth
abundances in 1-10p montmorillonite are much different
than in the nontronite. It is difficult to imagine the
relative rare earth abundances of nontronite being changed
merely by mechanical breakup to smaller particles if they
had not markedly changed during conversion of palagonite
to nontronite with subsequent equilibrium with sea water.
It is possible two-montmorillonites may be forming
from palagonite. We know dioctahedral nontronite is form-
ing. Perhaps a trioctahedral saponite also forms and is
the main constituent of the 1-10p fraction. This seems
unlikely for the same reasons presented above for the non-
tronite conversion although palagonite is considerably
more abundant than nontronite. In addition, a fractiona-
tion and increase in absolute abundances of rare earths
would have to take place when the palagonite converted to
saponite. This does not seem reasonable in light of the
stability of the rare earth assemblage in the conversion
of palagonite to nontronite. The possibility of two dif7
ferent dioctahedral montmorillonites forming from the same
source at the same time and under the same conditions does
Snot seem reasonable.
Within the vicinity from which CH44 Dr3 was obtained
are sediments which in the <10p range are almost entirely
amorphous. A sample of this material (THV15) has been
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analyzed. Similar amorphous sediments can be converted to
poorly crystallized montmorillonite upon heating (Siever,
personal communication). The CH44 1-10p montmorillonites
may have formed from similar amorphous material which exists
in the CH44 sediment. The general rare earth data appears
to support this hypothesis. Both CH44 Dr3 1-10p montmorillonite
and THV15 amorphous material show enrichments in light rare
earths relative to chondrites and have the same lanthanum
value (Figs. 11 and 12, Tables 9 and 10). Analysis of two
similar amorphous layers from core AII-42-17 also showed
similar rare earth distributions.
On closer examination, however, there appears to be
good evidence that the 1-10p montmorillonite could not have
originated from amorphous material similar to THV15. First,
there is a cerium anomaly between CH44 montmorillonite and
THVl5 amorphous material, TIHV15 being depleted while CH44
is "normal" (Figs. 11 and 12, Tables 9 and 10). It seems
unlikely that cerium, could be added to the THV15 amorphous
material in a manner which would increase the cerium con-
centration back to the "normal" value before conversion
to montmorillonite. In addition, the europium and lutitium
values are a factor of two lower in the amorphous material
compared to the 1-10p montmorillonite. Even considering
that heavy rare earths form stronger complexes in sea water
than light rare earths it is difficult to conceive of the
heavy rare earths in the amorphous material being depleted
by a factor of two while lanthanum remained exactly the
same.
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An even more compelling argument lies in the geographical
distribution of the amorphous material. Data for THVl5 is
lacking but for AII-42-17 (which appears identical to THV15
in all respects) it is definitely present in layers inter-
bedded between sediments which are largely crystalline and
contain abundant montmorillonite. This author cannot con-
ceive of a method or conditions by which amorphous material
could be heated up or otherwise converted to montmorillonite
in one layer while both older and younger amorphous layers
surrounding it remain unaffected. Therefore, I conclude
that the CH44 1-10p montmorillonite could not have formed
from amorphous material similar to that studied.
Based on the arguments discussed it appears one must
conclude that the majority of the fine montmorillonite is
of distant origin, probably continental. This corroborates
the same conclusions of Siever and Kastner (1967).
AMORPHOUS PHASES OF THV15 AND AII-42-17
It was concluded that the CH44 Dr3 1-10p montmorillonite
was not derived from amorphous material of the type found
in THV15 or AII-42-17. A further discussion on possible
modes of origin for the amorphous material is needed. THV15
and AII-42-17 must be of local origin. They are unusual
types of sediments not at all characteristic of continental
detritus. Continental material consists almost entirely of
crystalline material, largely quartz, feldspars and clays.
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The amorphous sediments are of limited areal distribution
(J. Murray, personal commumication) and the presence of
only a normal percentage of foraminifera (for this area)
indicate they were deposited fairly quickly.
Bostrom et al., (1969) have suggested that the fine-
grained amorphous material of high transition metal content
associated with the East Pacific Rise is a product of local
volcanic emanations. They envision volcanic emanations
mixing with bottom water as they erupt. The trace elements
precipitate out upon contact with sea water. As evidence
they site the high abundances of mercury and arsenic, two
volatile elements likely to be associated with volcanic
emanations.
This does not seem to be the case with the amorphous
material from the Mid-Atlantic Ridge. Antimony, as a vola-
tile element is often associated with volcanic emanations.
Antimony should be high in the THV15 and AII-42-17 if this
material were similar to the East Pacific Rise sediments
analyzed by Bostrom. THV15 is not enriched in antimony
compared to nonridge areas (Table 10)(Tanner and Ehmann,
1967). Manganese is also highly enriched in Bostrom's
sediments (1-3%) while in THV15 it is only .13% (Table 10).
Since the amorphous material occurs interbedded between
normal marine sediment layers it most closely resembles an
ash flow. It seems to be the product of recent local
magmatic outpourings which exploded and vitrified upon
contact with sea water.
Two possible explanations can be considered as to why
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the amorphous sediment is enriched in the light rare earths.
First, the composition may be representative of the original
magma. Second, it may represent a reaction of the magma
with sea water.
All the basalts which have been dredged from the im-
mediate area of THV15 show a rare earth distribution which
is depleted in light rare earths relative to chondrites.
No rocks have been found which resemble THVl5 in rare earth
content. One can argue, of course, that a magma of the
composition of THV15 would not form pillow basalts or
flows and thus analysis of flow basalts is meaningless.
D. R. Wones (personal communication) has pointed out that
the iron value of THV15 is similar to trachytes, which
would be more likely to form ash flows than basalts.
Trachytes also display rare earth distributions and abun-
dances similar to THV15 (Schilling and Winchester, 1967).
If the parent material is a basalt similar in com-
position to those dredged from the area, then the change
from a light rare earth depleted magma to a sediment enriched
in light rare earths may be due to the chemical action of
sea water. In amorphous material, unlike in chlorite and
montmorillonite, rare earths are not strongly bound in a
crystal structure. Thus they are much more easily com-
plexed with anions in sea water. Complexation of rare
earths by carbonate and by phosphates has been noted
(Alexandrov et al., 1965, 1967; Carpenter and Grant, 1967).
The heavy rare earths are more strongly complexed than the
lighter ones and thus would be enriched in sea water and
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depleted in the remaining sediment.
This complexing must take place quickly and be es-
sentially complete before compaction of the sediment. This
is required since the youngest material of core AII-42-17
is amorphous and already possesses a light rare earth en-
richment.
If a complexation process were taking place cerium
deficiencies would be expected since cerium forms strong
complexes with carbonate and phosphate (Carpenter and Grant,
1967). Cerium numbers for THV15 were lower compared to
lanthanum than was obtained for the CH44 1-10p montmoril-
lonite (Table 10). It is noteworthy that Altshuler et al.,
(1967) and Fleischer and Altshuler (1969) found marked
cerium depletions relative to lanthanium in marine apatites
which have formed in equilibrium with sea water.
The stronger complexation of the heavy rare earths
as compared to the lights should cause an increase in the
concentration of heavy rare earths in sea water when normal-
ized to continental rocks. Figure 13, based on Hogdahl's
et al., (1968) rare earth concentrations in sea water,
shows that such an enrichment does occur. To attain the
observed enrichment in sea water requires that sediment of
the composition of THV15 cover .23% of the ocean bottom
and have reacted to a depth of 10 cm. These figures zre
not unreasonable.
The complexing of rare earths by carbonate and phos-
phate can explain the relative enrichment of light rare
earths. It can not explain why the absolute abundance of
~_
rare earths has increased five fold over a possible parent
basalt. It would seem one must conclude that the parent
magma must have been somewhat enriched in total rare earths,
and may be similar in composition to a trachyete.
CONCLUSIONS
1) The rare earth distribution in chlorite appears
to be largely crystal-chemical and not strictly
related to the parent distribution.
2) An established rare earth distribution is stable
during the conversion of palagonite to montmoril-
lonite.
3) The origin of the majority of the fine chlorite
in the CH44 sediment remains in doubt but evidence,
tends toward a local origin.
4) The majority of the miontmorillonite in the CH44
sediment is of continental origin.
5) The THV15 sediment appears to be the product of
a local ash flow.
6) The present rare earth distribution in the THVl5
and AII-42-17 amorphous material may in part be
due to the leaching of the heavy rare earths by
carbonate and phosphate complexing in sea water
during the eruptive process, but requires in addi-
tion that the parent magma be somewhat enriched
in rare earths compared to local basalts.
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TRACE ELEMENTS IN CH44
TABLE 9
Dr3 MINERALS WITH STANDARD ROCK ANALYSES
Pg/mg
Euxl0- 3 Luxl0-
Chlorite from greenstone
Iron rich chlorite
Magnesium rich chloritel
1-10p chlorite 2
Palagonite
Nontronite
1-10i montmorillonite2
G-1 (Granite)
G-1 Literature 3
W-1 (Diabase)
W-1 Literature 3
138±6.2
100±5.1
88±4.5
54±4.7
102 ±6 . 0
242±15
144±9.1
16.1±2
13.7
69±7
75-94
1.6±. 08
1. 6±. 08
1.24±. 06
1.3±.11
1.5±.08
1.97±.13
5.2±.3
.16±. 008
.16-.23
1.28±. 06
1.25-1.37
These values are upper limits, see text.
Samples contain about 15% illite and kaolinite.
Gordon et al. (1968).
Fe Mn Coxl0- 2 Laxl0 - 3 Cexl0 - 3
9±.6
5.4±.4
4.5±.3
3.1±.3
5. 6±.3
4±.4
11.3±.9
.20±.04
.22-.24
4.1±.4
4.1-5.2
5.2±.7
3.2±.7
4.7±.7
3.0± 3
5.2±1.
3.2±1.
43±6
123±6
85-120
14±3
8.5-30
1.2+.15
1. 7±.2
1.6±.2
1.2+.4
1.9±.2
2.2±.3
3.1±.6
1.6±.3
.8-1.36
1+.l
1-1.29
4.5±. 4
4.5±.7
5.4±.5
7±2.1
6.5±.8
11±2
13 ±3
1.8±.2
1.2-1.7
3. 2±.3
2.0-3.5
92±10
________ __
_
TABLE 10
TRACE ELEMENTS IN AMORPHOUS AND CONTINENTAL MATERIALS
Fe Mn Cox10 - 2
THV15 <10p
AII-42-17 Top <10p
AII-42-17 Bottom <10
N. Dakota Montmorillonite
Maine Montmorillonite
Massachusetts Chlorite
Sweedish Chlorite
Ural Mountains Chlorite
27 . 2±3
N.D. 1
N.D.
30.1±3
N.D.
N.D.
N.D.
N.D.
1.3±.06
N.D.
N.D.
2.3±.3
N.D.
N.D.
N.D.
N.D.
3.3±.2
N.D.
N.D.
.086±.009
N.D.
N.D.
N.D.
N.D.
43 ±3
51±4
19±2
65±4
5.5±.7
66 ±5
.39±. 06
.11±. 05
1.6±.2
2.1±.3
1.5±.2
.75±.12
.5±.1
1.4±. 2
.06±. 03
.014±. 008
1. N.D. = Not determined.
(1g/mg)
LaxlO- 3 Euxl0- 3
_ _____
TABLE 10
CONTINUED
Lux10-4 Sbxl0-3  Cex10 3  Smx10- 3  Dyx10- 3
THV15 <10 4.6±.6 3.7±1 52±10 N.D. 5.6±1
AII-42-17 Top <10p 6.5±1 N.D. N.D. 6.8±1 N.D.
AII-42-17 Bottom <10-p 3.5±1 N.D. N.D. 4.5±.8 N.D.
N. Dakota Montmorillonite 4.8±.6 1.4±.3 N.D. N.D. N.D.
Maine Montmorillonite 3±1 N.D. N.D. N.D. N.D.
Massachusetts Chlorite 37±4 N.D. N.D. N.D. N.D.
Sweedish Chlorite .5±.2 N.D. N.D. N.D. N.D.
Ural Mountains Chlorite .1±.05 N.D. N.D. N.D. N.D.
TABLE 11
OPTICAL AND X-RAY PROPERTIES OF CH44 Dr3 CHLORITES AND NONTRONITE
Iron chlorite
Magnesium chlorite
1-10p chlorite
Nontronite
2e (060)
59.80
60.0
60.1
N.A. 4
d001
14.4±.025
14.35±.025
14.35±.025
N.A.
Al/Al+Si 2
.125±.04
.175±. 04
.175±.04
N.A.
I.R. (y)
1.62
1.611
1.610
1.59(a)
Fe/Fe+Mg
.5
.38
.30
N.A.
1. Errors in measurement of 20 by .031 changes A1/Al+Si by 25%.
2. Brindley and Gillery (1956).
3. Albee (1962).
4. N.A. = Not Applicable.
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CHAPTER 3
SUGGESTIONS FOR FURTHER WORK
The use of ammonium chl6ride to dissolve calcium
carbonate is not ideal. Excessive chlorine is present
which eliminates the possibility of looking for interest-
ing short lived radioisotopes such as magnesium, aluminum,
and vanadium. In addition, even the purest obtainable
reagents have some trace impurities. The use of large
quantities of reagents compounds this problem. Finally,
concentrated solutions -of ammonium chloride seriously
interfere with the use of atomic absorption and other methods
of analysis. I would suggest that future work make use of
an acetic acid-ammonium acetate buffer. This will involve
development of a procedure to purify ammonium acetate but
this is probably not too difficult.
Almost all studies on clay reactions with sea water
have been done at elevated temperatures. We do not know
whether or not montmorillonite will react at 00 C and
200 atmospheres without the presence of a leaching solution
to remove sodium, potassium, and calcium. Similarly, it
is not known whether amorphous material can be converted]
to montmorillonite at low temperatures. Low temperature
alteration studies of clay minerals would be most welcome.
Exchange reactions between chlorite and sea water are
not well understood. We postulate the exchange of iron for
magnesium in chlorites weathering in sea water but the ex-
istance of such exchange has never been verified in the
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laboratory. Similarly, we don't know what elemental ratios
in chlorite represent equilibrium with sea water. An inter-
mediate stage in the proposed .alteration of iron-rich to
magnesium-rich chlorite has been suggested but not verified.
These problems all merit further work.
The rare earth abundances and distributions in contin-
ental chlorites are unusual. A wide range in the absolute
abundance of REE was noted. In addition, very large europium
anomalies were found for the chlorites and the Belle Fourche
montmorillonite. None of the chlorites show significant
light rare earth enrichment. This is unusual since the
chlorites presumably have been derived from continental rocks
which in general are quite enriched in light rare earths.
A number of other chlorites and montmorillonites should be
studied to see if the present results were due mainly to
a poor choice of samples. Of special importance is analysis
of continental chlorites that are known to have formed from
continental basalts which are enriched in light rare earths.
It was postulated that the metal hydrate coatings on
the calcium carbonate particles were due to the presence
of large quantities of clay materials in the sediment. This
idea can be pursued by looking at other areas which are
also high in calcite and high in clays. The behavior of
the metal coatings with depth should be interesting., One
might expect an increase in the amount of coating with depth
until the sediment becomes reducina and a change in behavior
below that point. Manganese nodules are found only on the
surface so the behavior of calcite coatings with depth is
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significant.
Finally, I would recommend a study similar to this
thesis in the Great Lakes to investigate the changes intro-
duced by a fresh water system compared to sea water.
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APPENDIX 1
COMPUTATION OF ERRORS
Empirical estimates of the error introduced in the
analysis of each sample by errors in counting time, dead
time, geometry considerations, reproducibility of flux
monitors, baseline determination and other considerations
in the counting procedure are at best imprecise.
Therefore, the effect of these errors was measured by
counting five different samples of the same standard. The
samples were all counted as closely as possible to the
same geometry although each sample was removed from the
holder, rotated 1800 and recounted at least once. This
insures that errors introduced by inhomogenity within the
samples will be included. Peaks due to Na 2 4 and Mn 5 6 were
measured after at least 10,000 counts has accumulated.
The reproducibility of these runs was better than ±5%
(Table 12). Introduction of a real sample into this system
will add only the additional error due to the determination
of the area under the peak of the new sample. This error
has been shown to be equal to the-V- where N is the number
of counts in the peak (Friedlander, Kennedy and Miller, 1966).
All errors introduced by counting time, dead time, geometry,
etc. should be the same.
\ Inaccuracy in weighing of materials is estimated at
±.l mg. If the weight of the sample was greater than 20 mg
this error was ignored. For weights smaller than 20 mg it
was included.
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The reproducibility of calcium analysis by atomic ab-
sorbtion was measured by repeatedly running a series of
standard solutions of calcium in ammonium chloride. Re-
producibility was ±2% and was constant within the range of
calcium concentrations encountered.
A sample calculation is shown below in which 6 mg of
calcium carbonate is analyzed for manganese.
Analyzed apparent concentration of manganese; 4.5pg/mg.
Peak area = 1000 counts above background, average back-
ground = 200 counts/channel.
1) Error due to geometry, standard and dead time = ±5%
2) Error in weighing of sample = ±1.67%
3) Error in calcium determination = ±2%
4) Error in peak area = 1000 = 32 = ±3.2%
5) Error in background 200 = 14.1 = ±7%
Total error= (5) 2+(1.67) +(2) 2+(3.2)2+(7) 2 90.99=
±8.28%
Thus the actual concentration of manganese would be
reported as 4.5±.355pg/mg.
When peak area was below 100 counts no minimum value
of the error bar is shown. The maximum value, however,
is still based on -Nf. It is felt that if the true value
of the peak were significantly higher than the observed
value then the accuracy of the measurement would have been
better and the area of the peak would have been determined
as having the higher value.
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TABLE 12
STATISTICAL DEVIATIONS DUE TO COUNTING EFFECTS
Apparent
Concentrations of Na 2 4
(1367 KEV Peak)
345 pg
372 pg
420 pg
377 pg
396 pg
401 pg
382 pg
366 pg
377 pg
370 pg
Apparent
Concentrations of Mn 56s
(847 KEV Peak)
20.0 pg
20.8 pg
20.6 pg
18.9 Pg
19.2 pg
21.1 pg
19.7 pg
20.9 pg
21.4 pg
20,9 pg
20.35 pgaver. = 383.6 pg
a = .775 = 3.81%
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a = 16.8 = 4.38%
APPENDIX 2
SUMMARY OF PRELIMINARY EXPERIMENTS
Determination of the Number of Rinses Required to Remove
Sea Water
In order to determine the number of washings required
to remove interstitial water from a sediment, an aliquot of
rinse water was analyzed for sodium after each of five
successive rinses. Results indicate that a minimum of
three washes is necessary to remove interstitial water.
The amount of sodium in the wash water does not go to zero
even after five or six washings because sodium adsorbed on
clay material will continually desorb into a sodium free
solution. If the clays are to be treated with some de-
sorbing agent at a latter stage, three washes will remove
more than 99% of the interstitial water.
Desorption Experiments on Clays using Ammonium Ion and
Acetic Acid
Mixtures of natural marine clays which were free from
calcium carbonate and metal hydrates (removed with 25% v/v
acetic acid) were equilibrated with solutions containing
Na,2 4 Fe s5 9 , Br 8 2 , Ce 14 4 and Pr 1 4 4 . After exchange reactions
had taken place with the clay, the clays were washed and
rinsed in distilled water. These clays were now equili-
brated with various strengths of ammonium ion (as the car-
bonate) to desorb these radioactive species. The results
of all isotopes was similar and a representative graph is
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shown as Fig. 14. Increases in concentration above .lM
ammonium ion did not further increase the amount of desorbed
material. All cations were easily adsorbed upon clay
materials, 10%-50% of the material in solution being adsorbed.
Bromine, however, was only slightly adsorbed, total adsorp-
tion being less than .1%.
After treatment with various strengths of ammonium
ion each clay was reacted with 25% v/v acetic acid to find
out if there was a minimum ammonium concentration, above
which subsequent treatment with acetic acid would have no
effect. Results are shown on Fig. 14. The break in slope
for all elements was found at about IM ammonium ion.
Thus, clays pretreated with greater than IM ammonium
carbonate will not further desorb when subsequently treated
with 25% v/v acetic acid.
A further experiment was performed to show that pre-
treatment of a clay by armmonium carbonate does significantly
reduce the amount of material exchanged by 25% v/v acetic
acid compared to the amount removed from clays not pre-
treated.
Two identical samples of clay were equilibrated with
Ce 1 4 . Both samples were washed and one was equilibrated
with IM ammonium carbonate and the other with 25% v/v acetic
acid. An aliquot was taken from the ammonium carbonate
solution and then that clay was washed and treated with
25% v/v acetic acid. These solutions were analyzed and
the results are shown in Table 13. The experiment was
repeated using Na 2 4 and Br 8 2 .
/
---~
Results indicate that pretreatment with ammonium
carbonate removes most ions which can be removed by 25%
v/v acetic acid and that the amount removed by acetic acid
after ammonium carbonate treatment can be considered neg-
ligible even for clay/carbonate ratios as large as 50/1
(2% carbonate).
A final experiment was done to determine the number
of treatments of saturated ammonium carbonate that were re-
quired before subsequent treatment with saturated ammonium
chloride would not desorb any additional material. A mini-
mum of three treatments for five minutes each in an ultra-
sonic vibrator were required before 24 hours of equilibra-
tion with ammonium chloride would have no effect on the non-
carbonate phase.
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TABLE 13
DESORBTION OF Na, Ce, Br FROM CLAYS BY H AND NH 4 .
Counts/Minute Prior
to Treatment
Counts/Minute
in (NH4)2CO3
Counts/Minute in
Acetic Acid
1,250 (75% recovery)
192,000 (48% recovery)
1,000 (25% recovery) 0
1,000
116,000
1,000
Na
Treated first
Ce with (NH4 )2CO3
Br
Na
Ce No Pretreatment
Br
1,600
400,000
4,000
Element
1,600
380,000
4,000
FIGURE 14
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